






“I may finally draw attention to
the probability that the
association of paternal and
maternal chromosomes in pairs
and their subsequent separation
during the reducing division as
indicated above may constitute
the physical basis of the
Mendelian law of heredity. To this
subject I hope soon to return in
another place.”
50 years before the double helix,
Walter Sutton, a graduate student
in the Zoology Department at
Columbia University, New York,
published a speculative paper
showing how the behaviour of the
chromosomes at meiosis could
account for Mendel’s laws. Four
months earlier, he had
announced his hypothesis in one
of science’s famous ‘last
sentences’, quoted above. For
Sutton the clincher was the idea
that homologous pairs of
chromosomes orient at random
on the meiotic spindle — “that is,
that any chromosome pair may lie
with maternal or paternal
chromatid indifferently toward
either pole irrespective of the
positions of other pairs” — thus
providing a mechanism for the
independent segregation of
Mendel’s factors.
Scientific immortality is a
chancy thing. Sutton left
Columbia before the year was out
(almost certainly because he ran
out of funding) and never
submitted his thesis. But Sutton’s
PhD supervisor, Edmund Beecher
Wilson, was the author of the
most influential textbook of its
time, The Cell in Development and
Inheritance, and in the 3rd edition
he gave equal credit to Sutton
and to his old friend Theodor
Boveri with a chapter subheading,
“Cytological basis of the
Mendelian phenomena. The
Sutton–Boveri theory”. And so
Sutton’s suggestion passed into
other textbooks — and into
history — as a defining moment,
when genetics and cytology were
first united.
In some respects that is the
historical reality. The conviction
that chromosomes must be the
bearers of the hereditary material,
and even the idea that
chromosomes conjugate in pairs,
one of maternal and one of
paternal origin, predate the
rediscovery of Mendel’s paper in
1900. And after 1900 at least six
people pointed out the
similarities between chromosome
behaviour and “the results on
plant hybrids”, one of them being
Boveri. But it was Sutton’s paper
that laid out the agenda for the
work done in Wilson’s
department over the next decade
and so led to the publication of
The Mechanism of Mendelian
Heredity in 1915 and to Calvin
Bridges’ equally famous ‘proof’ of
Sutton’s hypothesis, which
appeared as the first paper in the
first issue of the journal Genetics.
Bridges has fared less well than
Sutton in the historical record,
but I will return to that later. 
Sutton himself spent his
formative years at Kansas
University and it was there that
he became convinced that
chromosomes are “distinct
morphological individuals”, which
play different roles in
development. (The consensus at
the time was that chromosomes
are pieces of a continuous
‘spireme’ that breaks up during
cell division, with the differences
between them quantitative, not
qualitative.) His friend and
mentor at Kansas was an older
graduate student, Clarence
McClung. Both men worked on
the dividing cells of the testis in
grasshoppers and it was
McClung who in 1899 pointed out
that a cell body previously
described as a nucleolus is better
defined as an “accessory
chromosome”. Two years later he
proposed that the accessory
chromosome (which he, like its
first observer, labelled X) is the
sex determinant, on the sole
grounds that it is present in only
half the sperm cells and that the
ratio of the sexes is 50:50. 
McClung has to be the
predominant influence on the
evolution of Sutton’s ideas. In his
1902 paper Sutton cites the
accessory chromosome as “our
most unequivocal evidence of
chromosomic individuality” and




that “he has accomplished for the
various chromosomes of the sea-
urchin, the same result as nature
is constantly giving us in the case
of the accessory chromosome of
the Orthoptera”. Boveri, who had
long argued for “the individuality
of the chromosomes”, used
excess sperm to create
dispermic eggs in which three- or
four-poled spindles form at the
first division. The three haploid
sets of chromosomes segregate
more or less at random and
daughter cells that receive an
incomplete set develop
abnormally.
The idea for the mechanism of
heredity came however from
another source. In Sutton’s
organism Brachystola magna, a
large locust, clear size
differences between the
chromosomes can be observed.
When a paper by Thomas
Montgomery appeared in 1901,
claiming that whenever two
chromosomes larger than the rest
are present they always come
together at synapsis, Sutton was
in a position quickly to confirm
that 22 out of the 23
chromosomes in Brachystola can
be assigned to eleven
morphologically distinct pairs.
And where Montgomery had
argued from the fact that only
one of his large chromosomes
was present in spermatids, so
that in somatic cells the other
must have come from the egg
cell, Sutton found that the eleven
chromosomes in spermatids
exhibit the same size range as
the eleven pairs in somatic cells,
and went on to realize that the
independent assortment of
maternal and paternal
chromosomes could account for
genetic diversity, with the amount
of diversity varying with
chromosome number. An
organism with 22 chromosomes
could theoretically generate over
four million different
combinations in the zygote. 
After Sutton’s death McClung
wrote that “The germ of the
conception was in his mind fully
a year before it was hastened to
development by the recital of
Mendel’s results”. That recital
came during the visit to New
York of William Bateson, the
English biologist who was
Mendel’s first and most vocal
disciple. In 1902 Bateson
published a book containing a
translation of Mendel’s 1866
paper plus recent data
confirming and extending
Mendel’s results. Later in the
same year he attended a
conference in New York and
spoke on 29 September at the
Brooklyn Institute, New York. On
3 October he wrote to his wife,
“My own performances are over.
At the train yesterday, many of
the party arrived with their
‘Mendel’s Principles’ in their
hands! It has been ‘Mendel,
Mendel all the way’ and I think a
boom is beginning at last”.
Two weeks later, on 17
October, Sutton submitted his
paper, presumably adding the
famous paragraph at the last
minute. The speculative paper
that followed in 1903 is prefaced
by the statement that “the
general conceptions here
advanced were evolved purely
from cytological data, before the
author had knowledge of the
Mendelian principles” and
justifies itself by “the attempt to
indicate certain lines of work
calculated to test the validity of
the conclusions drawn”. 
The proof
It was McClung’s suggestion of a
link between the number of X
chromosomes and sex that was
the first speculation to be
confirmed. Sutton himself
miscounted the number of
chromosomes in the female cells
and arrived at one fewer than the
male (the female cells were small
and crowded) but in 1905, two
years after Sutton’s departure,
Wilson himself published a
comparative study showing that
in several Hemipteran insects the
female cells had one more
chromosome than the male.
Shortly before that, Nettie
Stevens, a former student of
Thomas Hunt Morgan, had found
a system in the beetle Tenebrio in
which the X chromosome was
associated in males with a
smaller chromosome. Thus the
XO and XY systems were
established.
Wilson, wildly excited by these
findings, wrote to Bateson in
October 1905 to urge him to do
some cytology on his sweet peas
(or alternatively collaborate with
Wilson). “It is evident to me that a
splendid new horizon of
discovery has been opened in
this matter of the correllation (sic)
of chromosomes with hereditary
characters, and I believe that the
most brilliant results are likely to
come from detailed studies in
this direction. The all-important
thing is to get the right material,
which must fulfill two conditions:
1st, clearly cut statistical results,
such as are given by your peas;
and second, cytological
availability.”
Morgan, who had joined the
Zoology Department in the
previous year, was less
impressed. The differential
distribution of the X chromosome
could be just another secondary
sexual characteristic. Yet it was
from Morgan’s lab that the “right
material” emerged, in the form of
Drosophila melanogaster, the
vinegar fly. In 1910, when a white-
eyed male first appeared in one of
his cultures, Morgan crossed it to
a normal red-eyed female and
obtained all red-eyed flies in the
F1 hybrid and the expected
Mendelian ratio of 3 red to 1 white
in the F2 generation. What was
notable, however, was that all the
white-eyed flies were male.
Following this up, he found that a
cross between white-eyed
females and normal red-eyed
males gave a crisscross
inheritance in which sons
resembled their white-eyed
mothers and daughters their red-
eyed fathers. Morgan found this
“most surprising”, but concluded
that “The most important
consideration from these results
is that in every point they furnish
the converse evidence from that
given by Abraxas...” (Bateson’s
English school had already found
sex-linked inheritance in Abraxas,
the currant moth, but in this case
the female, not the male, was the
heterozygous sex.) 
With the discovery of more sex-
linked characters, and the finding
that they were linked to each
other, the situation became
clearer. Sutton had deduced that
each chromosome would have to
carry more than one “unit
character” (there were obviously
more characters than
chromosomes and by 1902
Bateson’s group had already
shown linkage) and Morgan in
sceptical mode had mocked this
claim. As late as 1909 he was
writing that if there were several
characters per chromosome, then
these “must Mendelize together.
But they do not.” But now they
did, and were moreover
associated with the sex
chromosome. 
It was at this point that
Drosophila turned out to have a
cytological advantage that
Wilson had not considered. It has
only four pairs of chromosomes,
one of which is extremely small.
As mutants were discovered,
they were crossed with existing
mutants and found to fall into
only three linkage groups,
corresponding to the three large
chromosomes. In 1913 a project
to map all mutants was launched
by Morgan’s graduate students,
A.H. Sturtevant and Calvin
Bridges, locating their position on
the chromosomes by the
recombination frequency
between linked genes (a method
that had been devised by
Sturtevant as a 19-year-old
undergraduate). In 1914, when an
unlinked marker appeared, it was
immediately assigned to the tiny
fourth chromosome. 
Also in 1914 Calvin Bridges,
Morgan’s graduate student, first
came up with a cytological
explanation for a genetic
phenomenon that he had named
nondisjunction.  In the crisscross
inheritance typical of sex linkage,
“exceptional” daughters who
resemble their mothers and
“exceptional” sons who resemble
their fathers regularly appear, at
a frequency of around 4%.
Bridges hypothesized that these
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are due to failure of the two X
chromosomes in the mother to
separate at meiosis. He then
followed the exceptional females
through to the next generation,
where they also generate a
percentage of exceptional
daughters, and predicted that in
this “secondary” nondisjunction
the phenomenon is caused by
the presence of the Y
chromosome. The cytology of
Drosophila had defeated Nettie
Stevens, but Bridges, guided by
his genetic prediction, was able
to identify the Y chromosome
and to show that in every case
the cytology and the genetics
agree. In 1916 he presented a full
account of his experimental data,
staggering for its logical and
comprehensive exploration of
every avenue available. 
This is the paper that first
unites genetics and cytology, “in
such a way that the
chromosomes must be regarded
as the means and not the
consequence of the inheritance of
characters and sex”. Again and
again, both in contemporary
correspondence and in
reminiscences, it is referred to as
a turning point. T.M. Sonneborn
wrote in 1967, “I grew up with the
generation that recognized the
non-disjunction experiment as the
first decisive proof of the
chromosome theory. Everything
else had been parallelism until
this case in which an individual
chromosome was ‘marked’, and
in which surprising predictions
could be made and verified”. The
Norwegian Otto Mohr, who came
to the Fly Room in 1917 as
Morgan’s first foreign fellow,
wrote on Bridges’ death, “I
always have regarded his 1916




Sutton left the Zoology
Department in the summer of
1903, spent two years working in
an oil field to earn money, and
then returned to Columbia
University Medical School. He had
a successful career as a surgeon
and died at the age of 39 from
peritonitis. Both Wilson and
McClung paid tribute after his
death, Wilson recalling the day in
the spring of 1902 when Sutton
first came to him with his idea.
“…I did not at once fully
comprehend his conception or
realize its entire weight. We
passed the following summer
together... and it was only then, in
the course of our many
discussions, that I first saw the full
sweep, and the fundamental
significance of his discovery”.
Bridges stayed on at
Columbia. Morgan raised money
from the Carnegie Institution of
Washington to pay his salary and
he remained with Morgan for the
rest of his life, moving with him
to Caltech in 1928 and dying of
heart disease at the age of 49.
However that lifelong association
with Morgan (and other factors,
outside the scope of this piece)
has cost him the pre-eminent
place in the history of genetics
which he deserves. (Although
that may change: E.B. Lewis has
recently written of “the immense
indebtedness of the genetics
community to Bridges”.) Morgan
himself wrote that “the work that
he has done has really been the
foundation for a great deal of the
modern genetic work that is
carried on throughout the world”.
Mohr put it more emotionally: “In
one respect his situation is
unparalleled: his marvellous
building up of the entire
technical system will make him
an active cooperator in all future
work along these lines. Did he
get credit enough? We
discussed it sometimes. He said,
“I don't care”, and smiled his
wonderful smile, that went to the
heart.”
Both men are referring here to
the early discovery of visible
mutants in Drosophila; to the
technical systems for keeping
mutant stocks as a genetic
resource; to the laborious and
ingenious construction of first the
genetic recombination maps and
then in the thirties the salivary
chromosome maps — the first
physical maps in any organism.
The mouse geneticist Leslie Dunn
thought these so important that
just before Bridges’ death he
asked for a copy of the salivary
chromosome map of the X
chromosome to replace the
picture of Mendel’s garden as the
frontispiece to the new edition of
his genetics textbook. In the
1980s they played a crucial role in
the development of eucaryotic
molecular genetics, giving
Drosophila a unique head start. 
In addition, Bridges discovered
deficiency, duplication,
translocation and tandem repeats
and used the discovery of
haploid and triploid flies to arrive
at a theory of genic balance
described by Morgan as “the
most direct contribution genetics
has made to physiology”. In 1921
H.J. Muller, one of the four
authors of The Mechanism of
Mendelian Heredity, gave a talk
at Cold Spring Harbour in which
he (rather atypically) praised his
co-authors.  Of Bridges he said,
“In a sense, all the other workers
have been parasites upon
Bridges’ work, using his data and
mutants to provide the material
for their own experiments. If, on
the other hand, the working out
of his previous peculiar cases
has had, in its planning, the
cooperation of others of us” —
this is more typical of Muller! —
“it is rather because he manages
to find so many more peculiar
cases... than we do; and because
he is then generous in opening
up these results to free
discussion. United we stand —
divided we might all fall but
Bridges”.
Muller, who began as Wilson’s
graduate student, brings me
back to the double helix. In
Watson’s own contribution to the
50-year celebration, he tells us
that he went to Indiana University
because of Muller, and attended
Muller’s lectures in his first year.
Of course, the 1953 Nature paper
also ends with a famous
suggestion — that specific
pairing “immediately suggests a
copying mechanism for the
genetic material” — and is
followed by a speculative paper
laying down the groundwork for
the next ten years. What
moments of revelation still await
us?
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